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The phase II detoxification system glutathione transferase (GST) is associated with the establishment of
parasitic nematode infections within the gastrointestinal environment of the mammalian host. We report the
functional analysis of a GST from an important worldwide parasitic nematode of small ruminants, Haemon-
chus contortus. This GST shows limited activity with a range of classical GST substrates but effectively binds
hematin. The high-affinity binding site for hematin was not present in the GST showing the most identity,
CE07055 from the free-living nematode Caenorhabditis elegans. This finding suggests that the high-affinity
binding of hematin may represent a parasite adaptation to blood or tissue feeding from the host.
The gastrointestinal blood-feeding nematode Haemonchus
contortus represents a major economic burden to agricultural
communities worldwide, causing infections resulting in ane-
mia, weight loss, and ultimately death in small ruminants.
There are presently no commercial vaccines available for H.
contortus infections, and the most effective method of control
is a combination of pasture management and the use of chem-
ical agents (anthelmintics). Increasing reports of drug-resistant
H. contortus indicate that this current control strategy is not
sustainable (26), with chemicals no longer effectively control-
ling H. contortus infections in several parts of the world (33).
Understanding the host-parasite relationship at the mucosal
feeding surface is important in identifying new therapeutic
approaches. The levels of the phase II detoxification system
glutathione transferase (GST) have been shown to increase in
parasitic helminths during chronic infection (3). Previous re-
search has attempted to correlate this overexpression with the
ability of GST to detoxify immune-initiated cytotoxic products
of lipid peroxidation (8, 10) or has associated the overexpres-
sion of GST, including H. contortus GST, with drug resistance
(18, 19). In this paper, we analyze a new GST from the sheep
strongylid H. contortus and show that this GST does not appear
to have a broad immune defense or drug metabolism role but
possibly has a more focused detoxification function within the
nematode.
MATERIALS AND METHODS
Isolation, recombinant expression, and purification of H. contortus GST.
mRNA was isolated from adult H. contortus nematodes (CAVR, a drug-resistant
strain) with a Quickprep Micro mRNA purification kit (Pharmacia). H. contortus
cDNA was obtained with a First Strand cDNA synthesis kit (Pharmacia). The H.
contortus GST-encoding DNA was isolated by an established strategy with an
upstream primer derived from the N-terminal sequence of the native H. contortus
GST protein (27) and a downstream oligo(dT)-based anchor primer (1, 5). The
PCR product (approximately 650 bp) was cloned into pUC18 (SureClone liga-
tion kit; Pharmacia), and the insert was sequenced. The H. contortus GST was
directionally cloned into pET23d and sequenced in both directions (Long-read
LI-COR, GenBank accession number AF281663). The recombinant H. contortus
GST protein (HcGST-1) was expressed in Escherichia coli BL21(DE3) by induc-
tion with isopropylthio--D-galactoside (IPTG). The protein was purified by
glutathione (GSH)-Sepharose affinity chromatography (6). Purity was deter-
mined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and electrospray mass spectrometry. Prior to electrospray mass spec-
trometry, salts were removed with a ZipTipC18 (Millipore). The protein was
eluted in 50 l of 50% (vol/vol) acetonitrile–0.1% (vol/vol) formic acid and
injected into a LCT-TOF mass spectrometer (Micromass, Manchester, United
Kingdom) at 5 l/min with a 100-l syringe pump (40 V).
Modeling of HcGST-1. Homology models of HcGST-1 were initially obtained
from the SWISS-MODEL protein-modeling server (14, 15, 24), and the model
was based on three templates (PDB accession numbers 1PD2, 2GSQ, and
1GUK). This preliminary model was refined by minimization to 0.1 kJ/mol/A by
using a Polak-Ribiere conjugate gradients algorithm and the OPLS-AA force
field (17) with MaestroT (version 3.0027; Schrodinger Inc.).
Southern blot analysis. Genomic DNA was extracted from H. contortus adults
(CAVR strain) or mixed-stage wild-type Caenorhabditis elegans nematodes (N2-
Bristol) by using a DNeasy tissue kit (QIAGEN). After single or double digestion
with BamHI, EcoRI, and/or HindIII, the DNA fragments were separated in
0.8% Tris-acetate-EDTA agarose and transferred in 20 SSC (1 SSC is 0.15 M
NaCl plus 0.015 M sodium citrate [pH 8]) to a Zeta-Probe GT membrane
(Bio-Rad). H. contortus GST-encoding cDNA was used as a probe following
isolation with the Qiaex II gel extraction kit (QIAGEN). The probe was radio-
labeled with [-32P]dCTP by using the Random Primers DNA labeling kit
(Gibco). Southern blots were blocked with stopping solution (5 SSC, 5
Denhardt’s solution, 0.5% SDS, 0.1 mg/ml preboiled herring sperm DNA) (cat-
alog number D3159; Sigma), incubated overnight with the radiolabeled probe
(55°C), and washed with wash A (0.1% SDS/2 SSC [wt/vol]), wash B (0.1%
SDS/1 SSC [wt/vol]), and wash C (0.1% SDS/0.1 SSC [wt/vol]) twice for 10
min each time. After each wash, the filter was exposed to a phosphor storage
screen (GP SO230, Kodak) for up to 24 h and images were acquired by using a
Typhoon 8600 variable-mode imager (Molecular Dynamics).
Enzymatic and ligand binding assays. GST enzymatic activity in 100 mM
potassium phosphate buffer (pH 6.5) containing reduced GSH at a concentration
of 1 mM and the model GST substrate 1-chloro-2,4-dinitrobenzene (CDNB) at
a concentration of 1 mM (11) was measured spectrophotometrically at 340 nm
(25°C). Assays with natural and other model substrates were completed as
previously described (11). Both CDNB and GSH were utilized as competing
substrates for a Dixon plot analysis as outlined by Cortes et al. (12). Protein
concentrations were determined by the Bradford method (Bio-Rad, commercial
kit). Ligand binding to rHcGST-1 was estimated by measuring changes in intrin-
sic or competitive protein fluorescence. In all ligand binding assays, a final
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concentration of 1 M HcGST-1 was used at 25°C in 20 mM potassium phos-
phate buffer (pH 6.5) containing 100 mM sodium chloride (31). Changes in
fluorescence were recorded with a Shimadzu spectrofluorometer (RF-5301 PC)
with excitation and emission wavelengths for intrinsic protein fluorescence (tryp-
tophan) of 280 and 320 nm, respectively. Increasing concentrations of hematin or
anthelmintic were added, followed by 3 min of incubation prior to measurement.
For competitive fluorescent assays, the competitive GST ligand 8-anilino-1-
naphthalene-sulfonic acid (ANS) was used at a final concentration of 10 M as
previously described (11). Excitation and emission wavelengths for ANS were
established at 365 and 480 nm, respectively.
Two-dimensional gel electrophoresis and Western blotting. Two-dimensional
electrophoresis (13) was undertaken with the Multiphor II system (Pharmacia).
Somatic protein extracts or GSH-Sepharose affinity-purified proteins from C.
elegans or H. contortus were separated by isoelectric focusing overnight on com-
mercially available immobilized pH gradient (IPG) strips (11 cm, pH 3 to 10;
Pharmacia) followed by size separation with precast SDS–8 to 18% PAGE gels
(ExcelGel XL; Pharmacia). The gels were silver-stained with an automated
gel-staining system (Hoefer). Images were scanned into Adobe Photoshop and
analyzed by using Phoretix 5.01 software.
Polyclonal antibodies to HcGST-1 were raised in rabbits by standard proce-
dures (4, 7) and used for Western blot analysis. After SDS–12% PAGE, proteins
were electrotransferred to a polyvinylidene difluoride membrane. The mem-
brane was blocked with blocking buffer (5% [wt/vol] Marvel milk powder and
0.1% [vol/vol] Tween-20 in phosphate buffered saline [pH 7.3]) and subsequently
incubated in blocking buffer containing GST antisera for 1 h (1:250 dilution),
followed by four 15-min washes in 0.1% (vol/vol) Tween 20 in phosphate-
buffered saline. After 1 h of incubation with the secondary antibody (alkaline
phosphatase conjugated anti-rabbit immunoglobulin G; 1:10,000 dilution), blots
were washed again four times for 15 min each time. The blots were developed
with BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium;
Sigma).
Nucleotide sequence accession number. The nucleotide sequence for the H.
contortus GST has been deposited in the GenBank database, under GenBank
accession no. AF281663.
RESULTS AND DISCUSSION
GST informatics. Protein database analysis at EMBL-EBI
(http://www.ebi.ac.uk; July 2003) indicated that the submitted
protein sequence (GenBank accession number AF281663) is a
member of the GST superfamily. InterPro (EMBL-EBI) data-
base searching demonstrated that the putative H. contortus
GST contains the typical GST N-terminal (IPR004045) and
C-terminal (IPR004046) domain signatures. Homology mod-
eling with known GST crystal structures as templates con-
firmed that the protein is a GST, with the N-terminal domain
possessing the classical GST  fold (Fig. 1). An 23
fold was indicative of the cofactor GSH-binding (G) site, and
the presence of a GST hydrophobic (H) site along the inter-
domain cleft was highlighted by two parallel  strands and the
N-terminal motif. The C terminus of the H. contortus GST
also possesses an  helix that is generally presumed to contrib-
ute to the binding of hydrophobic ligands to GSTs.
The HcGST-1 displays 70% similarity to a predicted GST
(HcGST-E) recently demonstrated in the excretory-secretory
products of H. contortus by Yatsuda et al. (35) by use of global
proteomic screening approaches. Phylogenetic analysis sug-
gests that the H. contortus GST-1 in this study and the
HcGST-E demonstrated by Yatsuda et al. (35) form part of a
new nematode GST class together with GSTs predicted from
the C. elegans proteome (Fig. 2). At 60% identity, the closest C.
elegans sequence is CE07055 (GST 7; P91253), expressed in all
life cycle stages. The nearest nonnematode sequences are from
German cockroach GST (O18598; major antigen Bla g5) and
GSH-dependent prostaglandin D synthase (PGDS) from
chicken (O73888; sigma class GST), both at 38% identity.
However, the predicted H. contortus GST contains only 4 of
the 15 amino acids in the proposed active site of PGDS. Fur-
thermore, PGDS displays broad substrate specificity (29), un-
like the predicted H. contortus GST.
Recombinant expression. HcGST-1 was overexpressed as an
active soluble protein (50 to 100 mg/liter of culture) in E. coli.
After GSH affinity purification, the protein was confirmed as a
single band at approximately 26 kDa by SDS-PAGE (Fig. 3).
Mass spectrometry established the mass of the recombinant
GST subunit as 23,603 Da (Fig. 4), identical to the theoretical
mass predicted from the coding cDNA. Western blot analysis
illustrated that the polyclonal antibodies raised against
HcGST-1 recognized this GST as well as a specific protein
band of approximately 26 kDa in native preparations of adult
H. contortus worms (Fig. 5).
Gene and protein structure. Southern blot analysis sup-
ported the idea that the GST sequence is part of the H. con-
tortus genome (Fig. 6). Since the intron sequences and simi-
larities between the recombinant and native H. contortus GSTs
have not yet been determined, the copy number of this GST on
the H. contortus genome could not be conclusively established,
but it appears to be between 1 and 3. Southern blotting also
FIG. 1. Structure homology model of H. contortus GST (HcGST-1)
with GSH constructed with SWISS-MODEL and viewed with Rasmol.
In the model, the GSH thiol is within hydrogen-bonding distance of
Tyr 8, the GSH Gly carboyl is within hydrogen-bonding distance of Trp
39, the -Glu carboxyl is within hydrogen bonding distance of Gln 63,
and the GSH backbone hydrogen bonds to Leu 51.
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indicated that the H. contortus GST gene has a close sequence
relationship with the verified GST genes in the C. elegans
genome, since only stringent washes can deter the probe from
binding to the C. elegans genomic DNA (Fig. 6C). Two-dimen-
sional Western blotting of somatic H. contortus native protein
extract demonstrated that eight similar GSTs were expressed
in adult worms (Fig. 7). In C. elegans, 26 individual protein
spots, represented by 12 separate GSTs, were identified by
peptide mass fingerprinting following GSH affinity chromatog-
raphy, suggesting posttranslational modification (32). In H.
contortus, some of the eight GST subunits identified following
GSH affinity chromatography may also be posttranslationally
modified versions of identical proteins. Cross-reactivity be-
tween the recombinant GST derived from H. contortus and
four C. elegans GSH affinity-purified proteins supports the
presence of nematode generic classes of GSTs previously in-
dicated only by bioinformatics (Fig. 8). The close sequence
relationship suggests that C. elegans can be used as a transgenic
expression tool to further investigate the function of this H.
contortus GST, as previously described for parasite -tubulin
(20).
Functional analysis. The function of the HcGST-1 was in-
vestigated by using a panel of model and potential natural GST
substrates and inhibitors (Tables 1 and 2). HcGST-1 shows
limited activity with model substrates and parasite GST natural
substrates (the reactive carbonyls), indicating a minor role in
host immune-initiated lipid peroxidation defense. In addition,
somatic extracts of cestode and digenean parasites have higher
activity towards lipid peroxidation products than nematodes,
including H. contortus, do (2, 9). Parasite GSTs have also been
associated with drug resistance (18, 19). HcGST-1, isolated
from a drug-resistant strain of H. contortus, only weakly bound
the majority of commercial anthelmintics, with no evidence of
enzymatic conjugation (results not shown). The binding of
hematin to HcGST-1 was demonstrated by both intrinsic flu-
orescence and competitive fluorescence assays with the hydro-
phobic binding site probe ANS. The dissociation constant (KD)
values for hematin, determined by double-reciprocal plots, was
in good agreement for both methods, with an intrinsic fluores-
cence KD of 1.72 0.10 M and a competitive fluorescence KD
of 1.13  0.07 M (Fig. 9). Analysis of the data by Dixon plot
suggested that the binding of hematin is noncompetitive (re-
sults not shown). Fitting the inhibition data directly by nonlin-
ear regression to the rate equation for noncompetitive inhibi-
tion gives the following estimates: Ki apparent (hematin/
CDNB) 	 262  39 nM, Ki apparent (hematin/GSH) 	 208 
30 nM, Km apparent (CDNB) 	 211  68 M, and Km appar-
ent (GSH)	 367 94 M, where Ki apparent is the inhibition
constant at a fixed substrate level and Km apparent is the Km
determined at a fixed concentration of the second substrate.
The 50% inhibitory concentration (IC50) of hematin for the
GSH-CDNB conjugation rate was estimated to be 180  13
nM (average of four replicates standard deviation) (Table 2)
and was determined from direct plots of activity against inhib-
itor concentration, fitted by nonlinear regression. One anthel-
mintic, fenbendazole, inhibited GST at physiological concen-
trations (Table 2). This drug also competed with hematin for
the same binding site on the GST in intrinsic fluorescence
analysis (results not shown). The binding of fenbendazole to
nematode GSTs with key feeding roles may be another mode
of action for this benzimidazole drug in addition to presumed
parasite tubulin inhibition (26).
The recombinant form of the closest relative in the free-
living nematode C. elegans, CE07055 (Fig. 2), was expressed in
E. coli following cloning from a cDNA library and successfully
purified from the soluble native protein fraction by GSH af-
finity chromatography (results not shown). The specific activity
of CE07055 with the model substrate CDNB was found to be
5,034.72 223 nmol · min1 · mg of protein1 (average of four
replicates  standard deviation). Thus, the purification of re-
FIG. 3. Production and purification of rHcGST-1: Coomassie-
stained SDS–12% PAGE. Lane 1, somatic extract of E. coli
BL21(DE3) plus pET23d (control); lane 2, somatic extract of E. coli
BL21(DE3) plus pAR10 (containing HcGST-1); lane 3, GSH-agarose
affinity-purified rHcGST-1; lane 4, molecular mass protein standard.
FIG. 2. Phylogenetic tree showing the relationship of HcGST-1 to all C. elegans proteins containing an N-terminal and/or C-terminal GST
domain, as indicated by InterPro (domains IPR004045 and IPR004046, respectively). The initial alignment of protein sequences was achieved with
BioEdit (16) and CLUSTAL W (28). The final tree was constructed by cluster analysis with TreeCon (30). The numbers indicate the bootstrap
values for 100 replicates. All C. elegans protein sequences were obtained from the Sanger Institute (http://www.sanger.ac.uk/Projects/C_elegans
/wormpep/), and accession numbers are indicated by the prefix “CE.” The nucleotide sequence of the H. contortus-excreted GST (HcGST-E) was
obtained from GenBank (National Center for Biology Information; http://www.ncbi.nlm.nih.gov/) (accession no. BM138779).
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FIG. 4. Electrospray mass spectrometer analysis of purified recombinant H. contortus GST, establishing the mass at 23,603 Da.
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combinant CE07055 by GSH affinity chromatography and the
activity with CDNB confirmed the functional integrity of the
protein. The activity obtained is in the range of those of other
nematode GSTs (22, 21). CE07055 did not appear to have a
site with high affinity for hematin (IC50 	 32.7  4.3 M;
average of four replicates  standard deviation).
The HcGST hematin binding range is similar for hematin
interaction with a number of mammalian liver tissue alpha
class GSTs, which have proposed roles in heme detoxifica-
tion and/or transport (23). Thirteen investigated human
liver GSTs exhibit variation as hematin-binding proteins,
with inhibition levels ranging from noninteraction to near 20
nM for GST III, with some of the GSTs showing a simple
inhibition pattern and others showing a more complex, two-
phase inhibition pattern (31). In contrast, mammalian ex-
trahepatic Pi GSTs bind hematin in the range of 4 to 5 M
(23). The values for intrinsic and competitive fluorescent
binding (Kd values of 1.72  0.10 and 1.13  0.07 M,
respectively) compared to the IC50 of hematin (180  13
nM) suggest that fluorescence binding detects a different
hematin site on the HcGST, distinct from the enzymatic
active site. A number of mammalian liver GSTs also have
proposed secondary binding sites, distinct from the sub-
strate site, for hydrophobic ligands (25).
A universal heme signature sequence for heme binding pro-
teins could not be determined by using the MEME motif
discovery and search program (version 3.0; http://meme.sdsc
.edu/meme/website/meme.html). Crystals of HcGST-1 bound
to hematin have recently been produced (unpublished data)
and this development will ultimately lead to the location of the
hematin binding site and the investigation of potential heme
binding signatures.
A high affinity for hematin and limited other activities imply
a focused role for this GST from H. contortus in the detoxification
or transport of heme or related compounds. In contrast to ces-
tode and digenean parasites, nematodes may express GSTs with
specific physiological roles rather than general detoxification ac-
tivities. Compared to rHcGST-1, GSTs from the blood-dwelling
digenean parasites Schistosoma mansoni (Sm28GST) and Schis-
tosoma japonicum (Sj26GST) displayed a lower affinity for hema-
tin (up to 23-fold lower) and a broader substrate specificity (34).
This finding indicates that the digenean GSTs have more gener-
FIG. 5. Western blot probed with polyclonal antibodies to H. contortus GST-1, showing the expression of GST in native H. contortus tissue.
Lane 1, somatic extract of H. contortus; lanes 2 and 4, molecular mass protein standard; lane 3, somatic extract of E. coli BL21(DE3) plus pET23d
(control); lane 5, somatic extract of E. coli BL21(DE3) plus pAR10 (containing HcGST-1); lane 6, GSH-agarose affinity-purified rHcGST-1.
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FIG. 6. Southern blots on H. contortus (A) and C. elegans (B and C) genomic DNA digests, confirming a close relationship between H. contortus
and C. elegans at the genomic level. Lanes 1, BamHI; lanes 2, EcoRI; lanes 3, HindIII; lanes 4, BamHI and EcoRI; lanes 5, BamHI and HindIII;
lanes 6, EcoRI and HindIII; lanes 7, positive control (HcGST-1 gene). (A) H. contortus genomic DNA digests probed with radiolabeled HcGST-1
gene (60°C; high-stringency washes: twice with wash A, twice with wash B, and twice with wash C). (B) C. elegans genomic DNA digests probed
with radiolabeled HcGST-1 gene (60°C; low-stringency washes: twice with wash A). (C) C. elegans genomic DNA digests probed with radiolabeled
HcGST-1 gene (60°C; high-stringency washes: twice with wash A, twice with wash B, and twice with wash C).
2786 VAN ROSSUM ET AL. INFECT. IMMUN.
 at LAN
D
BO
UW
UNIVERSITEIT on February 29, 2008 
iai.asm
.org
D
ow
nloaded from
 
FIG. 7. Two-dimensional gel and Western blot on somatic H. contortus protein, showing the expression of up to eight similar GSTs, or modified
forms of GST(s), in adult worms. (A) Two-dimensional gel of somatic H. contortus protein. The first dimension was run at 11 cm with an IPG of
pH 3 to 10, and the second dimension was run on SDS–8 to 18% PAGE. (B) Western blot on two-dimensional gel of somatic H. contortus protein
probed with polyclonal antibodies to rHcGST-1.
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alized detoxification roles than the more specialized GST from
the voracious blood feeder H. contortus.
In conclusion, a GST from the drug-resistant parasitic nem-
atode H. contortus may have a focused, nonenzymatic role
involving binding and/or transporting heme-related com-
pounds and is not apparently associated with immune defense
or with drug metabolism or resistance. The function appears to
be adapted to parasitism or, specifically, blood or tissue feed-
ing, as this biochemical feature is not evident in the closest
GST relative from the free-living nematode C. elegans. The
expression of a parasitic nematode protein with a focused role
may have implications for future drug and vaccine discovery.
The C. elegans nematode model will now be utilized to assess
FIG. 8. Two-dimensional gel and Western blot on somatic C. el-
egans protein, supporting the presence of nematode generic classes of
GSTs. (A) Two-dimensional gel of glutathione-agarose affinity-puri-
fied C. elegans protein extract. The first dimension was run at 11 cm
with an IPG of pH 3 to 10, and the second dimension was run on
SDS–8 to 18% PAGE. (B) Western blot on two-dimensional gel of
affinity-purified C. elegans protein extract probed with polyclonal an-
tibodies to HcGST-1.
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FIG. 9. Binding of hematin to HcGST-1 as demonstrated by intrinsic fluorescence and competitive fluorescence spectrometry. (A) Double-
reciprocal plot of the quenching of intrinsic fluorescence in rHcGST-1 (Q) against the concentration of free hematin (Hf) (calculated as previously
described [31]), with an intrinsic fluorescence Kd value (rHcGST-1) of 1.72  0.10 M for hematin. Shown are averages of at least three
determinations, with error bars representing standard deviations. (B) Competitive fluorescence of rHcGST-1 with the fluorescent ligand ANS and
hematin. Lines 1 and 2 indicate the fluorescence of the rHcGST-1 protein with and without ANS, respectively. Lines 3 to 9 show the quenching
of fluorescence due to the addition of hematin (with increments of 0.2 M). (C) Competitive fluorescence of rHcGST-1 with ANS presented as
a double-reciprocal plot, with a competitive fluorescence Kd value (rHcGST-1) of 1.13 0.07 M for hematin. Shown are averages of at least three
determinations, with error bars representing standard deviations.
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the physiological significance of this GST class under external
hematin stress via reverse and transgenic expression strategies.
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TABLE 2. IC50s of commercial nematocides and hematin for the
conjugation of CDNB by rHcGST-1
Compound IC50 at 340 nma
Hematin 180  13 nM
Albendazole 662  51 M
Diethylcarbamazine ND (5 mM)
Fenbendazole 84.4  6.0 M
Imidazole ND (5 mM)
Ivermectin ND (5 mM)
Levamisole ND (5 mM)
Mebendazole 851  55 M
Methimazole ND (5 mM)
Morantel tartrate salt 215  16 M
Oxibendazole 3.19  0.3 mM
Piperazine ND (5 mM)
Pyrantel tartrate salt 358  24 M
Thiabendazole ND (5 mM)
a Mean  standard deviation of at least four determinations. ND, not de-
tected. All values were determined from direct plots of activity against the
inhibitor concentration fitted by nonlinear regression.
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